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Purpose: The aim of the present study was to prepare inhalable co-spray dried powders of 
salmon calcitonin loaded chitosan nanoparticles (sCT-CS-NPs) with mannitol and investigate 
pulmonary absorption in rats. 

Methods: The sCT-CS-NPs were prepared by the ionic gelation method using sodium tripoly- 
phosphate (TPP) as a cross-linking polyion. Inhalable dry powders were obtained by co-spray 
drying aqueous dispersion of sCT-CS-NPs and mannitol. sCT-CS-NPs co-spray dried powders 
were characterized with respect to morphology, particle size, powder density, aerodynamic 
diameter, protein integrity, in vitro release of sCT, and aerosolization. The plasmatic sCT 
levels following intratracheal administration of sCT-CS-NPs spray dried powders to the rats 
was also determined. 

Results: sCT-CS-NPs were able to be incorporated into mannitol forming inhalable micropar- 
ticles by the spray drying process. The sCT-CS-NPs/mannitol ratios and spray drying process 
affected the properties of the microparticles obtained. The conformation of the secondary 
structures of sCTs was affected by both mannitol content and spray dry inlet temperature. The 
sCT-CS-NPs were recovered after reconstitution of spray dried powders in an aqueous medium. 
The sCT release profile from spray dried powders was similar to that from sCT-CS-NPs. 
In vitro inhalation parameters measured by the Andersen cascade impactor indicated sCT-CS- 
NPs spray dried powders having promising aerodynamic properties for deposition in the deep 
lung. Determination of the plasmatic sCT levels following intratracheal administration to rats 
revealed that the inhalable sCT-CS NPs spray dried powders provided higher protein absorption 
compared to native sCT powders. 

Conclusion: The sCT-CS-NPs with mannitol based spray dried powders were prepared to 
have appropriate aerodynamic properties for pulmonary delivery. The developed system was 
able to deliver sCT via a pulmonary route into the systemic circulation. 
Keywords: Salmon calcitonin, chitosan, nanoparticles, mannitol, spray dried powders, 
pulmonary delivery 

Introduction 

Pulmonary delivery is a potentially non-invasive administration route for peptide and 
protein drugs for systemic treatments.' Proteins and macromolecules are absorbed 
more through this route because the lung possesses a large and highly absorptive 
surface area, extensive vascularization, and low thickness of the alveolar epithelium. 
Lung alveolar surface varies between 80-140 m^, larger than that of the nose which 
is estimated to be about 1 80 cm^. The distance between epithelial surface and blood 
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circulation is between 0.5 and 1.0 jim, which is much less 
than the other regions of respiratory tract. In addition, it 
has low enzymatic action and also avoids hepatic first pass 
metabolism.'-^ 

Salmon calcitonin (sCT) is a 32 amino acid cyclic poly- 
peptide with a molecular weight of approximately 3,450 Da, 
available as a high potency therapeutic agent to treat osteo- 
porosis, hypercalcemia, symptomatic Paget's disease of 
bone, and osteoarthritis.^ It has been commercialized in the 
form of subcutaneous or intramuscular injections and nasal 
sprays. Injectable dosage form often discourages patients' 
usage due to pain experienced during injection and resulting 
facial flushes and nausea." Nasal delivery was established for 
simple administration. However, some drawbacks of nasal 
formulations including irritation to nasal mucosa, rhinitis, 
rhinorrhea, and allergic rhinitis have been reported.^ These 
drawbacks are unavoidable since the nasal spray formula- 
tions inevitably contain absorption enhancers to increase 
trans-mucosal calcitonin delivery. Many studies also reported 
a low systemic bioavailability of therapeutic protein admin- 
istered nasally, requiring a high dose to be taken. Nasal 
bioavailability was particularly restricted by characteristics 
of the drug molecule, rapid enzyme degradation in nasal 
cavity, poor membrane penetration, and rapid mucociliar 
clearance.' The intranasal sCT bioavailability was very low, 
approximately 3%, although an absorption enhancer was used 
in the formulation.* In addition, the disadvantage is that most 
commercial sCT products formulated in aqueous solution 
dosage form are prone to instability, and hence required to 
be kept under refrigerated conditions. As protein or peptide 
drugs are more stable in the solid state, dry powders for inha- 
lation have been explored as an alternative delivery system 
for sCT.' '" Limitations of nasal delivery regarding low drug 
bioavailability may be improved by administration through 
the pulmonary route. 

Nanoparticles are of interest as a carrier of proteins and 
macromolecules for pulmonary delivery due to their capacity 
to penetrate into intracellular compartments and the possibility 
of avoiding phagocytosis of macrophages. They can also have 
high drug loading capacity, improved drug absorption, dif- 
ferently targeted deposition, and sustained release property." 
However, the use of nanoparticles itself for delivery to the 
lung is limited by the low inertia causing them to be exhaled 
after inhalation, and its high free surface energy, promoting 
the particles to form aggregation making nanoparticulates 
difficult to handle.'^ Therefore, to make the nanoparticles 
applicable in the pulmonary delivery system, they require a 
carrier to achieve effective aerosolization properties. 



Spray drying is a useful technique to prepare microparticles 
for inhalation. It is a rapid, single step process that converts 
liquid droplets to powders suitable for pulmonary delivery. 
Sham et al employed the spray drying method to incorporate 
polymeric nanoparticles into the matrix carrier, forming 
microparticles for delivery to the lung." The excipients, such 
as lactose or mannitol, have been employed as carriers for 
inhalable dry powder formulations.'* '^ However, mannitol 
was found to be more attractive than lactose because of less 
hygroscopicity and no reducing effect. Mannitol also has the 
capacity to provide a high fine particle dose of incorporated 
drug upon powder aerosolization."' Spray drying was found 
to be a method of choice for particle engineering of powder 
to have optimum particle characteristics, including size 
and density for effective deposition mechanism." For deep 
lung deposition, spray dried powders demonstrate adequate 
aerodynamic properties, ie, aerodynamic diameter of less 
than 5 jim. 

Chitosan (CS) is a polysaccharide biopolymer, similar 
in structure to cellulose. It is obtained from deacetylation 
of chitin, abundantly found in the crustaceans' shells. The 
cationic nature of this polymer is an interesting property 
because of its ability to form gel through ionic gelation 
when contacted with polyanions. Several studies applied 
this gelation process in preparing chitosan nanoparticles for 
drug encapsulation. A simple and straightforward procedure 
is based on the gelation of chitosan with the counter-ion 
tripolyphosphate (TPP), in which the positively charged 
amino groups of CS interact with negatively charged TPP 
to form an ionic complex.'*'"^' It is a mild process avoiding 
use of harmful solvents for encapsulation of proteins. CS 
was proved to be useful for nanoparticulate drug delivery via 
transmucosal route due to its low toxicity, biocompatibility, 
biodegradability, and mucoadhesive properties'**-^^ as well as 
enhancement of macromolecule permeation.^^ CS has been 
reported to increase the uptake of macromolecules through 
the opening of tight junctions of epithelial cells and has 
been formulated as nanoparticles to improve the delivery of 
active molecules across mucosal surfaces.'*-" Spray dried CS 
nanoparticles have been shown to exhibit a low toxicity in 
cell lines of human origin from airway and alveolar regions 
of the pulmonary tract, which is an encouraging indicator for 
safe use of this dry powder for inhalation.^'' 

In this study, the spray dried powders of sCT loaded 
chitosan nanoparticles (sCT-CS-NPs) were prepared 
using mannitol as an aerosol carrier. sCT was loaded into 
CS/TPP nanoparticles that were fabricated by ionic gelation. 
sCT-CS-NPs and mannitol aqueous suspensions were 
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co-spray dried to achieve micro-sized powders suitable for 
inhalation. Finally, an in vivo animal study in rats was carried 
out to demonstrate that the developed system was able to 
deliver sCT via the pulmonary route. 

Materials and methods 

Materials 

sCT (molecular weight of 3,431.90 Da) was purchased 
fromBachemAG(Buendrof, Switzerland). Low molecular 
weight CS of 75%-85% deacetylation, TPP, D-mannitol, 
2-mercaptoethanol, Tris base (Trizma®), acrylamide/bis- 
acrylamide, Tris-Tricine-SDS running buffer, EZBlue™ 
gel staining reagent, ammonium persulfate, glycine, 
trifluoroacetic acid and urethane were purchased from 
Sigma Aldrich (St Louis, MO, USA). Acetonitrile and 
methanol of high-performance liquid chromatography 
(HPLC) grade were purchased from Honeywell Berdick 
and Jackson (Ulsan, Korea). An enzyme-linked immuno- 
sorbent assay (ELISA) kit for sCT was purchased from 
Uscn Life Science Inc (Wuhan, People's Republic of 
China). 

Preparation of sCT-CS-NPs 

sCT-CS-NPs were prepared based on the ionic gelation 
of CS with TPP"* " Briefly, CS was dissolved in 1% 
(weight/volume) acetic solution to obtain the solution of 
2.07 mg/mL. TPP was dissolved in water to obtain the solu- 
tion of 0.69 mg/mL. sCT was premixed with TPP solution to 
generate a nanoparticle dispersion of 1 mg/mL concentration. 
The solution of sCT-TPP was added to CS solution to obtain 
theoretical CS to TPP weight ratios of 3:1. The solution 
pH was adjusted to 4.5 using 0.1 N sodium hydroxide. 
The nanoparticles were spontaneously formed upon adding 
the TPP solution into the CS solution under mild stirring. The 
nanoparticle dispersions were gently stirred for 60 minutes 
at ambient temperature. 

Preparation of sCT-CS-NPs spray 
dried powders 

Aqueous solutions of mamiitol in a concentration of 7%-9% 
(weight/volume) were prepared. Nanoparticle dispersion 
was added to the mannitol solution. Concentrations of the 
mannitol solution were varied in order to obtain final weight 
ratios of sCT-CS-NPs to mannitol at 10:90, 20:80, 30:70 and a 
final total solid content of dispersion at 1 % (weight/volume). 
The dispersion was spray dried using a laboratory scale spray 
dryer (Mini Spray Dryer, B-290, BUCHI Labortechnik AG, 
Flawil, Switzerland). The liquid was peristaltically pumped 



and fed through a two-fluid nozzle (0.5 mm internal diameter) 
where it was atomized into fine droplets. Cooling water was 
circulated through the jacket around the nozzle throughout 
the process. The processing parameters comprising atomizing 
air volumetric How rate of 600 nL/hour, aspirator vacuum of 
80 mbar, liquid feed rate of 5 mL/minutes was kept constant, 
while inlet air temperatures were varied at 1 1 0°C, 1 30°C and 
1 50°C in order to investigate the effect of drying temperature. 
The spray dried powders were collected and stored in a des- 
sicator until use. 

Characterization of spray dried powders 

Yield 

The spray drying production yield (PY) was calculated by 
comparing the amount of sCT-CS-NPs spray dried powders 
with the total amount of initial solid contents in the disper- 
sion as follows: 

PY(o/„ ) = Weight of spraydriedpowders ^ 

Total solid weight of sCT - CS - NPsandmannitol 

[1] 

Morphology 

The morphology of sCT-CS-NPs spray dried powders was 
viewed using a scanning electron microscope (SEM; JSM- 
6610 Ly Jeol Ltd, Tokyo, Japan). 

Particle size determination 

Particle size analysis was conducted using a laser diffrac- 
tion particle size analyzer (Malvern Mastersizer®S, Malvern 
Instruments Ltd, Malvern, UK). The volume mean diameter 
(VMD), and other particle size parameters corresponding 
to the size of the 10th, 50th and 90th percentile of particles 
cumulative volume (D^ j, D^^ ^, and D^, respectively) and span 
[(Dj, g - Djj j)/Dj j] were determined. Samples were prepared 
by suspending the sCT-CS-NPs spray dried powders in 
ethanol with aid of sonication for 2 minutes. Measurements 
were repeated to ensure that no dissolution or agglomera- 
tion of the powders obtained. Each sample was determined 
in triplicate. 

Powder density and calculated aerodynamic 
properties 

True density of powders was determined using a helium pyc- 
nometer (Ultrapycnometer 1000, Quantachrome Instruments, 
Dayton Beach, FL, USA). Approximately, 1 g of each powder 
sample was used. The mean value of three determinations 
is reported. 
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The bulk and tapped densities were measured. Carr's 
index percentage (CI) was calculated and employed as an 
indication of flowability of the samples. The powders were 
filled into a 10 mL measuring cylinder. After recording 
the bulk volume, the cylinder was tapped 100 times and 
the tapped volume was recorded. The preliminary results 
showed that the use of 100 taps was sufficient to attain the 
minimum volume of the powders under study. CI and the 
aerodynamic diameter (d^^^) of dry powder were calculated 
using the following equations: 



Carr's index (%) : 



X 100 



[2] 



where is the tapped density and is the bulk density (g/cm^) 



■ ^(0.5) ^ , 



[3] 



where Dj^^^ is the equivalent volume diameter at 50% 
cumulative volume, is the tapped density, and p^ is true 
density (g/cm^). 

Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) analysis 

sCT in spray dried powders was recovered by dispersing the 
powders in pH 4.4 acetate buffer. One part of the dispersed 
sample was mixed with one part of reducing sample buffer, 
ie, 5% P-mercaptoethanol in Tris-HCl-SDS sample buffer, 
and heated at 100°C for 1 minute. The mixture equivalent 
to 0.5 jig of sCT was then loaded into 20% (weight/volume) 
Bis-Tris polyacrylamide gel of pH 8.8 and subjected to 
electrophoresis (Bio-Rad model Mini-Protean III, Bio-Rad 
Laboratories, Hercules, CA, USA) in Tris-Tricine-SDS 
running buffer, at 200 V for about 45 minutes. The gel was 
stained with EZBlueTM gel staining reagent for 1 hour and 
destained several times with distilled water until the protein 
bands were visualized. 

Circular dichroism (CD) spectroscopy 

Conformational structure of sCT was investigated by spec- 
tropolarimeter (JASCO model J-715, Jasco, Tokyo, Japan) 
using a quartz cell with 0. 1 cm of path length. The study was 
performed for sCT, sCT-CS-NPs, and sCT-CS-NPs spray 
dried powders. Before analysis, the spray dried powders were 
diluted with ultrapure water to obtain about 50 |J,g/mL of sCT 
in solution. Data were collected at bandwidth of 1.0 nm, 
response of 4 seconds, and a scanning speed of 1 00 nm/minute. 
Each measurement was repeated at least three times and the 



average value was determined. Spectra were displayed as the 
plot of molar ellipticity against wavelength. 

Fourier transform infrared (FTIR) spectroscopy 

Structural change of the sCT in sCT-CS-NPs and sCT- 
CS-NPs spray dried powders were monitored by FTIR 
spectroscopy (Perkin-Elmer FTIR spectrometer, model 
Spectrum One, Waltham, MA, USA). A small amount 
of sample was mixed with KBr and compressed to form 
tablets. The IR spectra were obtained in the spectral region 
of 400-4,000 cm '. 

Nanoparticles recovery from spray 
dried powders in aqueous medium 

Approximately 50 mg of the spray dried powders were 
incubated in 3 mL of PBS pH 7.4 for 90 minutes, under 
mild magnetic stirring at room temperature. The morphol- 
ogy, size, and zeta potential of nanoparticles were analyzed 
using a transmission electron microscope (TEM, JEM-2 100, 
JEOL Ltd), photon correlation spectroscopy and laser doppler 
anemometry (Zetasizer* Nano-ZS, Malvern Instruments Ltd, 
Malvern, UK), respectively (n = 3). 

In vitro release of sCT from 
nanoparticles 

The release of sCT was evaluated by incubating the sCT- 
CS-NPs or sCT-CS-NPs spray dried powders in 5 mL of 
phosphate buffer pH 7.4 at 37°C + TC. At time intervals of 
5, 10, 15, 30, 45, 60, and 90 minutes, 100 jiL of withdrawn 
supernatant was passed through a low protein binding filter 
with pore size 0.22 |j,m (Millipore, Billerica, MA, USA) and 
the amount of protein released was analyzed by validated 
HPLC method with an ultraviolet (UV) detector (LC-20A, 
Shimadzu, Kyoto, Japan). The chromatographic conditions 
were modified from the method described by Yang et al.'" The 
elution was achieved with gradient of 0.1%) trifluoroacetic 
acid in water (A) and 0.1% trifluoroacetic acid (TFA) in 
acetonitrile (B). The amount of phase B was increased from 
25% to 75%) over 45 minutes with a flow rate of 1 .0 mL/ 
minute. The sample injection volume was 50 |iL and the elu- 
ent was monitored at 220 nm. Each sample was determined 
in triplicate. 

In vitro dry powders aerosolization 
and deposition 

Aerosolization and deposition properties of the spray dried 
powders were investigated using an Andersen Cascade 
Impactor (ACI; Copley Scientific Ltd, Nottingham, UK). 
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Before measurement, all parts of the ACI were washed and 
dried. The collection plates were subsequently immersed in 
1% glycerol in acetone solution and the solvent was allowed 
to evaporate to leave a thin film of glycerol on the surface 
of the plates to avoid particle bounce. The ACI was then 
assembled and the air flow rate through the impactor was 
adjusted to 60 L/minute. At this flow rate, the effective cut- 
off diameters of the modified ACI are: stage (-1), 8.6 jim; 
stage (0), 6.5 jim; stage (1), 4.4 |im; stage (2), 3.2 [im; stage 
(3), 1.9 jim; stage (4), 1.2 jim; stage (5), 0.55 |J,m and stage 
(6), 0.26 |J,m, respectively. 

Powder sample was aerosolized from a glass inhaler 
device connected to the ACI apparatus. The glass inhaler 
device was loaded with 20 mg of sample. In each deposi- 
tion experiment, five aerosolizations were carried out. The 
deposition experiment was performed in triplicate. After 
that, each stage of the ACI was rinsed with HPLC mobile 
phase, and made up to a 10 mL final volume. The mass of 
sCT deposited on each stage of the ACI was assayed using 
HPLC as previously described. The fine particle dose (FPD), 
defined as the mass of drug less than 5 [im, was calculated 
by interpolation from a plot of cumulative mass versus 
effective cut-off diameter of the respective stages. The fine 
particle fraction (FPF) was calculated as the ratio of FPD to 
total loaded dose, expressed as a percentage and corrected 
for actual sCT content in each powder. The mass median 
aerodynamic diameter (MMAD) of the powders was also 
derived, defined as the particle size at the 50% cumulative 
fraction versus effective cut-off diameter. 

In vivo absorption of sCT-CS-NPs 
spray dried powders 

The animal studies were performed using 7-8 weeks bred, 
male Sprague Dawley rats weighing 200-250 g. The rats were 
randomly divided into groups (six rats in each group) and 
fasted for 24 hours prior to the study. The rats were allowed 
free access to water. The rats were anesthetized by intrap- 
eritoneal injection of urethane, and restrained in a supine 
position. Anesthesia was maintained with additional dose of 
sodium pentobarbital as needed throughout the experiment. 
The trachea was exposed and a PE-240 polyethylene tubing 
was inserted through a tracheal incision according to the 
method of Enna and Schanker^^ and Kobayashi et al.^'' The 
sample was administered to rat pulmonary using dry powder 
insufflators (Perm Century Inc, Wyndmoor, PA, USA). The 
powder administration was made by insufflation of 3 mL of 
air contained in the syringe. The insufflator was weighed 
before and after powder filling and after administration to 



determine the actual amount of sample emitted and aero- 
solized into the lung. The PE-10 polyethylene tubing were 
cannulated to the right jugular vein of the rats for blood 
sampling. Rats received samples equivalent to sCT of 20 
lU/kg with each treatment. Group 1 rats were administered 
a single intratracheal dose of native sCT; Group 2 rats were 
administered a single intratracheal dose of sCT-CS-NPs; 
Group 3 rats were administered a single intratracheal dose 
of sCT-CS-NPs spray dried powders; Group 4 rats were 
administered a single intratracheal dose of unloaded CS-NPs 
spray dried powder, employed as blank samples, and Group 
5 rats were administered a single dose of subcutaneous 
injection (Miacalcin®). The animal experiment reported here 
was reviewed and approved by the Institutional Animal Care 
and Use Committee (lACUC) of Chulalongkorn University 
(Animal Use Protocol No 12-33-009) and conducted accord- 
ing to the guidelines documented in Ethical Principles and 
Guidelines for the Use of Animals for Scientific Purposes 
edited by the National Research Council of Thailand. 

Blood samples of 200 |J,L were collected at predetermined 
time intervals after administration and heparin solution as an 
anticoagulant was injected ( 1 ,000 unit/body) from the PE- 1 0 
tubing in advance. The blood samples were centrifuged at 
8,000 rpm for 15 minutes and kept at -20°C until analysis. 
sCT levels were determined using the ELISA kit. The plasma 
concentrations versus time data were plotted and the various 
pharmacokinetic parameters, maximum plasma concentra- 
tion (C ), time to reach maximum concentration (T ), and 
area under the curve from time zero to last time point of the 
experiment (AUC^ j) were estimated. The relative bioavail- 
ability (F^^j) for each formulation was calculated as: 

_ AUC,,„p,, 



Statistical analysis 

All experiments and analyses were performed in triplicate 
and the data were compared by one-way analysis of vari- 
ance (ANOVA) and Scheffe's method tests all using the 
SPSS version 17 software (SPSS Inc., Chicago, IL, USA). 
A /"-value < 0.05 was considered statistically significant 
in all cases. 

Results and discussion 

Preparation of sCT-CS-NPs 
spray dried powders 

sCT-CS-NPs with particle size about 200 nm were formed 
spontaneously when sCT in TPP solution was added 
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to CS solution. To obtain stable dry powder formulation with 
appropriate characteristics for inhalation, the sCT-CS-NPs 
were co-spray dried with mannitol as the carrier, resulting 
in sCT-CS-NPs mannitol based microparticles. The effects 
of marmitol concentration and inlet air temperature of spray 
drying process were investigated. The spray dried powder 
yields considerably varied between 38% to 68% as shown 
in Table 1 . An increase in mannitol proportions resulted in 
an increase in process yields. Low spray dried powder yield 
might be a reflection of cohesive particles causing an adhe- 
sion of the powder to the wall of the spray drier. The mean 
particle size of spray dried powder was less than 5 |J,m when 
using inlet temperature at 1 30°C and 1 50°C. The higher inlet 
air temperature improved the process yields and gave the 
smaller size of spray dried powders. Also, a decrease in the 
content of mannitol was likely to give smaller size particles. 
Span measures the width of the particle size distribution. 
A smaller span value indicates a narrower particle size 
distribution of the powders. The span values of spray dried 
powder were apparently influenced by both mannitol content 
and inlet air temperature. An increase of inlet air temperature 
resulted in a decrease in span value. Span value was increased 
when increasing marmitol content. Chew and Chan reported 
that the span value would affect the aerosol performance of 
inhalation powder. Powders with a greater span value have 
produced a lower amount of fine particles generated in the 
aerosol cloud.^' 

The mannitol concentration and inlet air temperature 
clearly influenced the morphology of sCT-CS-NPs spray 
dried powders. As shown in Figure 1, dry powders were 
composed of a well-defined, smooth surface with a pitted 
appearance of microparticle aggregates. As can be seen, 
the particle morphology was dependent on the formulation 
composition and inlet air temperature; the particles formed 



were diverse in shape and size, with small primary particles 
that aggregated into clusters. 

Powder densities and estimated 
aerodynamic properties 

The true density, tapped density and CI of sCT-CS-NPs 
spray dried powders are listed in Table 2. True density 
varied between 1.45 and 1.59 g/cm^ and tapped densities 
were relatively low, ranging between 0.15 and 0.36 g/cm' 
which rendered aerodynamic diameters of 2.5^.7 |J,m. As 
the size was appropriate for pulmonary administration, the 
spray dried powder would be able to carry the entrapped 
nanoparticles to the targeting site.^* A critical factor affecting 
dry powder inhalation performance is powder flowability. 
The CI value gives an indication of powder flow properties. 
An increase in CI value is proportional to the adhesion and 
friction property of the powder. A value less than 25% indi- 
cates a fluid flowing powder, whereas a value greater than 
25% indicates cohesive powder characteristic that shows 
the poor flowability.^' The CI values of spray dried powders 
ranged from 18.2% to 27.9%. Most of spray dried powders 
had CI values lower than 25%, indicating a fluidity powder. 
Formulation Fl showed the highest CI value indicating a 
cohesive powder which would exhibit poor flow character- 
istics, while formulation F9 possessed the lowest CI value, 
hence the higher fluidity property. The data indicated that 
the lower mannitol concentration gave greater flowability of 
powder. Better flowability suggested better powder dispers- 
ibility, hence optimal aerosolization property.^" 

SDS-PAGE analysis of sCT-CS-NPs 
spray dried powders 

The integrity of encapsulated sCT in spray dried powders, 
prepared using different NPs/M ratios and inlet air 



Table I Effect of mannitol concentration and inlet air temperature on percentage yield and particle size of spray dried powders 
(mean + SD, n = 3) 



Formulation 


Mannitol (%) 


Inlet air 


Spray dried 


Particle sizes 


Span 






temperature (°C) 


powders yield (%) 






Fl 


90 


1 10 


46 


5.70 ± 1.53 


3.42 ±0.1 1 


F2 


80 


110 


41 


5.42 ± 2.34 


3.33 ±0.1 9 


F3 


70 


110 


38 


5.01 ± 1.54 


3.01 ±0.1 1 


F4 


90 


130 


57 


4.67 ±2. 12 


2.74 ±0.1 9 


F5 


80 


130 


48 


4.03 ± 1 .34 


2.55 ±0.1 8 


F6 


70 


130 


42 


3.89 ± 1.48 


2.10 ±0.20 


F7 


90 


150 


68 


4.04 ± 1.47 


2.22 ± 0.22 


F8 


80 


150 


57 


3.86 ± 2.05 


I.88±0.I6 


F9 


70 


ISO 


SI 


3.74 ± 1.21 


1.99 ±0.17 



Abbreviation: SD, standard deviation. 
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Figure I Scanning electron micrographs of sCT-CS-NPs spray dried powders using different nanoparticles/mannitol ratios (NPs/M) and inlet temperatures. (A) NPs/M — 1 0/90, 
(B) NPs/M = 20/80, (C) NPs/M = 30/70 all prepared at I IO°C, (D) NPs/M = 10/90, (E) NPs/M = 20/80, (F) NPs/M = 30/70 all prepared at I 30°C and (G) NPs/M = 10/90, 
(H), NPs/M = 20/80, (I) NPs/M all prepared at I50°C. 

Abbreviations: M, mannitol; sCT-CS-NPs, salmon calcitonin loaded chitosan nanoparticles. 



temperatures, was investigated by SDS-PAGE. Figure 2A 
displays SDS-PAGE analysis of sCT-CS-NPs spray dried 
powders of 30:70 NPs:mannitol when prepared using differ- 
ent inlet air temperatures. Unprocessed sCT was also run as a 
control (L2). It appeared that the high inlet air temperature of 
1 50°C gave the band of higher molecular weight region (L5) 
when compared to that prepared at 110°Cand 130°C, which 



moved downwards on the electrophoretic gels (L3 and L4) 
to a distance comparable to the control (L2). These results 
suggest that encapsulated sCT was aggregated when spray 
drying was performed under high thermal stress. 

As illustrated in Figure 2B, all bands of sCT recovered from 
sCT-CS-NPs spray dried powders containing different propor- 
tions of mannitol when spray dried at an inlet temperature of 



Table 2 Densities and aerodynamic diameter of dry powders prepared using different mannitol concentrations and Inlet air temperatures 


(mean ± SD, n = 3) 












Formulation Mannitol concentrations Inlet air 


True density 


Tapped density 


CI (%) 




(%w/w) 


temperatures (°C) 


(g/cm=) 


(g/cm^) 






Fl 90 


1 10 


1.45 ±0.02 


0.36 ± O.OS 


27.88 ±0.1 2 


4.70 ± 0.07 


F2 80 


1 10 


1.46 ±0.04 


0.32 ± 0.02 


25.71 ±0.08 


4. 12 ±0.04 


F3 70 


1 10 


1.48 ±0.03 


0.28 ± 0.06 


20.56 ±0.10 


3.81 ±0.10 


F4 90 


130 


1.49 ±0.06 


0.3S ± 0.03 


24.85 ± 0.06 


4.37 ± 0.09 


FS 80 


130 


I.SS±0.0S 


0.28 ±0.01 


23.35 ± 0.08 


3.83 ±0.13 


F6 70 


130 


I.S9±0.03 


0.2S ± 0.04 


I9.S8±0.I3 


2.89 ± 0.06 


F7 90 


ISO 


I.S7±0.07 


0.30 ± O.OS 


22.67 ±0.1 1 


4.04 ± 0.03 


F8 80 


ISO 


I.S9±0.02 


0.23 ± 0.07 


20.57 ± 0.07 


3.76 ±0.1 1 


F9 70 


ISO 


I.S8±0.0I 


0. 1 S ± 0.02 


18.15 ±0.02 


2.5 1 ± 0.07 


Abbreviations: CI, Carr index; d^^^ 


aerodynamic diameter; SD, standard deviation; 


w, weight. 
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L1 



L2 



L3 L4 L5 L6 L7 L1 L2 L3 L4 L5 L6 L7 L8 



Figure 2 (A) SDS-PAGE analysis of LI: sCT standard marker, L2; unprocessed sCT (0.1 [ig/mL), L3, L4, and L5: sCT recovered from sCT-CS-NPs spray dried powders 
(NPs/M - 30/70), prepared at the inlet temperatures of I 1 0°C, 1 30'^C, and 1 50°C, respectively, L6: blank spray dried powder, and L7: sample buffer. (B) SDS-PAGE analysis 
of LI: sCT standard marker, L2 and L3: unprocessed sCT {0.2 and 0.1 ^g/mL), L4, L5, and L6: sCT recovered from sCT-CS-NPs spray dried powders with NPs/M - 10/90, 
NPs/M - 20/80, and NPs/M - 30/70, respectively, when prepared using an inlet temperature of I30°C, L7: blank spray dried powder and L8: sample buffer. 
Abbreviations: CS, chitosan; M, mannitol; NPs, nanoparticles; sCT, salmon calcitonin loaded; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis. 



130°C (L4-L6) moved downwards on the electrophoretic gel 
to a distance comparable to the control (L2 and L3). No band 
was observed in either the higher or lower molecular weight 
regions, suggesting that neither aggregate formation nor pep- 
tide backbone clipping occwed. It was therefore conceivable 
that the varied concentrations of mannitol used in this study did 
not affect the sCT integrity. The smear appeared on the lanes 
of sCT loaded CS-NPs spray dried powders is believed to be 
the staining of chitosan, since it was also found on the lane of 
blank chitosan microparticles (L7). From SDS-PAGE analysis, 
spray drying at an inlet air temperature at 130°C could avoid 
deterioration of the loaded protein. 



Conformational change assay 
by circular dichroism (CD) 

The secondary structural conformation of sCT encapsu- 
lated in chitosan nanoparticles when co-spray dried with 
mannitol carrier was studied with CD spectroscopy. The 
CD spectroscopic analysis was performed in the "far-UV" 
region (190-240 nm). The CD spectra of sCT-CS-NPs spray 
dried powders composed of various amounts of mannitol 
prepared at the inlet air temperature of 130°C in com- 
parison with native sCT and sCT-CS-NPs are displayed in 
Figure 3. The CD spectra showed a variation in ellipticity, 
despite equal protein concentration. The native sCT gave 




S. -6. 
o 

I 

"S 

re -10. 
o 



-12- 




■sCT 



sCT- 



CS-NPs (NFs/M = 30/70) 
CS-NPs (NF s/M = 20/80) 



CS-NPs (NFs/M = 10/90) 



Wavelength (nm) 

Figure 3 sCT circular dichroism spectra in acetate buffer pH 4.4 of: (♦) native sCT, (■) sCT-CS-NPs compared to sCT-CS-NPs spray dried powders containing different 
sCT loaded CS-NPs/mannitol ratios of (A) NPs/M = 30/70; (•) NPs/M = 20/80; and (X) NPs/M = 10/90 when using an inlet air temperature of I30°C. 
Abbreviations: CS, chitosan; M, mannitol; NPs, nanoparticles; sCT, salmon calcitonin loaded. 
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Figure 4 FTIR spectra of: (A) native sCT, (B) chitosan, (C) mannitol, and sCT-CS-NPs spray dried powders of (D) NPs/M = 30/70, (E) NPs/M = 20/80, (F) NPs/l^ = 10/90 
prepared using an inlet temperature of I 30°C. 

Abbreviations: CS, chitosan: FTIR, Fourier transform infrared: M, mannitol: NPs, nanoparticles: sCT, salmon calcitonin loaded: T, transmittance. 



negative minimum band at 200 nm, while a molar ellipticity 
of sCT-CS-NPs decreased without significant shift of the 
minimum wavelength suggesting that chitosan affected the 
structure integrity of sCT. The result was corresponding with 
a previous report.'" Subsequently, when spray dried with 
mannitol, a further decrease in molar ellipticity with a slight 
shift of minimum found when comparing with native sCT 
and sCT-CS-NPs. Increasing mannitol concentrations exerted 
more effect on molar ellipticity and a shift of minimum to 
198, 195, and 189 nm for mannitol content of 70, 80, and 
90%, respectively. These results indicate that a change in 
secondary structure of sCT could occur when co-spray dialed 
with mannitol. 

Conformational changes assay by Fourier 
transform infrared (FTIR) spectroscopy 

FTIR spectroscopic analysis is one of the techniques that can 
be applied for secondary structure characterization of peptides 
and proteins. The structural changes can be monitored in 
the amide I, II, or III region, where the amide I band between 
1 ,600 and 1 ,700 cm ' is the most intense absorbance band for 
all the investigated proteins and peptides, being mainly associ- 
ated with the C=0 stretching vibration of amide and directly 
related to the backbone conformation. As shown in Figure 4A, 



native sCT showed a prominent absorption band at 1 662 cm"' 
in the FTIR spectrum, an indication of a-helical content. sCT- 
CS-NPs spray dried powders of 30/70 NPs/mannitol exhibited 
a slight spectral change of amide I located at 1,654 cm ' 
compared to the FTIR spectrum of the native sCT However, 
the amide I band of sCT-CS-NPs spray dried powders with 
NPs/mannitol ratio of 20/80 and 10/90 shifted to 1,648 and 
1 ,640 cm ', respectively. A shift to lower wavenumbers of the 
sCT amide I band in FTIR spectra was probably attributed 
to character of random coil structure formation." The results 
suggested that an increasing level of mannitol content would 
induce a conformation change of sCT. 




Figure 5 TEM of (A) freshly prepared nanoparticles and (B) recovered nanoparticles 
from spray dried powder (NPs/M - 30/70) prepared at an inlet temperature of 1 30°C. 
Abbreviations: M, mannitol: NPs, nanoparticles; TEM, transmission electron 
microscopy. 



Drug Design, Development and Therapy 2013:7 



submit your manuscript | www.dovepi ess.con 

Dovepress 



869 



Sinsuebpol et al 



Dovenress 



Table 3 Size and zeta potential of freshly prepared sCT-CS-NPs 
and nanoparticles recovered from spray dried powders (mean + 
SD, n = 3) 



Formulation 


Size 


Polydispersity 


Zeta potential 




(nm) 


index (PDI) 


(mV) 


Freshly prepared 


2I0±0.I2 


O.I09±O.I4 


+24 ± 0.08 


sCT-CS-NPs 








sCT-CS-NPs spray 


215 ±0.15 


0.1 15 ±0.1 1 


+28 ±0.16 


dried powders 









Abbreviations: sCT-CS-NPs, salmon calcitonin loaded chitosan nanoparticles: SD, 
standard deviation. 



The addition of mannitol at high concentrations 
influenced the aggregation of sCT, but relevant aherations 
in the secondary structure of the protein were not obvious. 
Apparently, aggregation was not the consequence of changes 
in the secondary structxu-e that could be picked up by FTIR. 
The formation of aggregates may be due to changes in very 
small sections or sequences of the sCT molecule that could 
not be detected by FTIR. It was also possible that aggrega- 
tion was not related to changes in the secondary protein 
structure. 

Based on SDS-PAGE, CD spectroscopy, and FTIR 
spectroscopy analysis, the integrity of sCT in spray dried 
powders was likely to be affected by high content of man- 
nitol and inlet temperature. However, the previous report 
concerning the effect of spray drying on the structural change 
of protein gave divergent results. Dehydration of protein 
can lead to either an irreversible destruction of the second- 
ary structure or that the structural changes can be reversible 
upon rehydration.^^ Maury et al reported an increase of 
protein (immunoglobulin G) aggregation after spray drying 



but reverted to the native structure on redissolution of the 
powder" The study by Schule et al showed that the aggre- 
gation of antibody after the spray drying process are not 
correlated with significant change of the protein secondary 
structure. An investigation by Chan et al showed no sCT 
aggregation occurred when co-spray drying with mannitol' 
In this work, SDS-R^GE study showed the aggregation of 
sCT when using an inlet temperature of 1 50°C. CD spectros- 
copy and FTIR spectroscopy analysis for sCT in spray dried 
powders demonstrated the potential induction of conforma- 
tion change of secondary structure by high mannitol content. 
In order to preserve protein integrity in sCT-CS-NPs spray 
dried powders, NPs/maimitol ratio of 30/70 and a spray dry- 
ing inlet temperature of 130°C were, therefore, employed to 
prepare sCT-CS-NPs spray dried powders for pulmonary 
absorption study in animals. 

Nanoparticles recovery from spray 
dried powders in aqueous medium 

It was observed that after incubating the spray dried powders 
of 30/70 NPs/mannitol prepared using inlet temperature of 
130°C in the aqueous medium under low stirring rate, man- 
nitol was dissolved resulting in a cloudy solution. Figure 5 
displays the TEM microphotographs of the recovered nano- 
particles compared to the freshly prepared formulation. The 
recovered nanoparticles of spray dried powders had a similar 
appearance to that found in the freshly prepared formulation. 
Table 3 presents size, polydispersity index (PDI), and zeta 
potential of the nanoparticles recovered from spray dried 
powders and fresh preparation. The size of freshly prepared 



100 -r- 




0 15 30 45 60 75 90 105 120 135 150 165 180 



Time (minutes) 

Figure 6 In vitro release profile of sCT-CS-NPs and sCT-CS-NPs spray dried powders (NPs/M - 30/70) prepared using an inlet air temperature of 1 30°C. 
Abbreviations: M, mannitol; sCT-CS-NPs, salmon calcitonin loaded chitosan nanoparticles. 
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Table 4 Mass median aerodynamic diameter, fine particle 
fraction, emitted dose and dispersibillty of sCT-CS-NPs spray 
dried powders determined with ACI (mean + SD, n = 3) 



Formulation 


MMAD 


FPF 


ED 


Dispersibillty 




(^m) 


(%) 


(%) 


(%) 


sCT-CS-NPs powder 


3.45 


18.67 


22.43 


48.71 


sCT-CS-NPs spray dried 


2.72 


63.50 


71.17 


78.58 


powders (NPs/M = 30/70) 











Abbreviations: ACI, Andersen Cascade Impactor; ED, emitted dose; FPF, fine 
particle fraction; MMAD, mass median aerodynamic diameter; M, mannitol; sCT- 
CS-NPs, salmon calcitonin loaded chitosan nanoparticles; SD, standard deviation. 



nanoparticles and recovered nanoparticles were apparently 
unchanged, being 210 + 0.12 and 215 + 0.15 nm, respectively. 
Both samples showed similar PDI values, indicating a similar 
size distribution. Also, the zeta potential of the nanopar- 
ticles was not altered after processing with the presence of 
mannitol. It was, therefore, hypothesized that when the spray 
dried powders reached the deep lung, the soluble component 
(mannitol) in the microparticles was dissolved in the lung 
fluid and released the nanoparticles. 

In vitro release studies of sCT-CS-NPs 
spray dried powders 

sCT-CS-NPs spray dried powders were subjected to in vitro 
release test at 37°C in pH 7.4 phosphate buffer compared 
to sCT-CS-NPs before spray drying. The results are illus- 
trated as a plot of percentage of sCT released against time 
(Figure 6). Initially, about 40% of sCT was burst released 
during 15 minutes and reach the plateau within 90 minutes. 
Over 70% of sCT was completely released at 90 minutes 



and no further release was found. The initial burst release 
was caused by those protein molecules encapsulated close to 
particle surface, which easily diffused out at initial incubation 
time.^'' There might be weak interaction between CS-NPs and 
sCT, allowing the sCT release from the nanoparticles by a 
dissociation mechanism." 

Evaluation of sCT-CS-NPs spray dried 
powders aerosolization 

The aerodynamic properties of the sCT-CS-NPs spray dried 
powders prepared at an inlet air temperature of 130°C were 
measured by inertial impaction and compared to sCT-CS- 
NPs powders. sCT-CS-NPs powders were prepared without 
mannitol and employed in this study for comparison. By 
determination of the particle distribution on the different 
impactor stages, the aerodynamic properties of the generated 
aerosols could be calculated. The deposition data obtained 
from aerosolization of the sCT-CS-NPs spray dried powders 
are summarized in Table 4. sCT-CS-NPs spray dried powders 
exhibited significantly higher deposition profiles compared 
to the sCT-CS-NPs powders without carrier. A significant 
increase in emitted dose percentage of the sCT from aero- 
solized powders containing mannitol indicated that the 
addition of mannitol could improve the aerosol properties. 
In addition, the sCT-CS-NPs with mannitol based spray dried 
powders gave a high fine particle fraction (FPF) expressed 
as a percentage of the total amount of sCT collected from 
the stage II of ACI, as well as the emitted dose (ED) and 
dispersibillty characteristics. The higher in vitro deposition 
parameters of the sCT from aerosolized spray dried powders 



Subcutaneous injection 

sCT-CS-NPs spray dried powders (NPs/M = 30/70) 
Native sCT 
sCT-CS-NPs 

Unloaded sCT-CS-NPs spray dried powders (blank) 




150 180 210 

Time (minutes) 

Figure 7 Plasma sCT concentration versus time profiles following intratracheal administration of native sCT, sCT-CS-NPs, sCT-CS-NPs spray dried powders and CS-NPs 
spray dried powders (blank, without loading sCT) compared to subcutaneous administration in rats; mean ± SD {n - 6). 
Abbreviations: CS, chitosan; M, mannitol; NPs, nanoparticles; sCT, salmon calcitonin loaded; SD, standard deviation. 
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with mannitol might be related to the surface properties of 
the particles. It is believed that Van der Waals force could 
contribute to the strong adhesion of smooth surface particles. 
The effect of surface roughness on aerosolized properties of 
drug was also reported by Chew and Chan.^^ 

In vivo absorption of sCT-CS-NPs 
spray dried powders 

The sCT-CS-NPs spray dried powders composed of 
30/70 NPs/mannitol, prepared at an inlet air temperature 
of 130°C, showed the appropriate aerodynamic properties 
and protein stability, so it was selected for in vivo study. 
The intratracheal administration of sCT-CS-NPs spray dried 
powders in rats was performed to evaluate sCT absorption. 
The serum sCT concentrations versus time profiles follow- 
ing insufflations of the sCT-CS-NPs spray dried powders, 
sCT-CS-NPs powders, native sCT, and CS-NPs spray dried 
powders (blank) are presented in Figure 7. Pharmacokinetic 
studies were included to assess potential differences in 
the pulmonary absorption, maximal plasma concentration 
(C ), T , area under the curve (AUC„ ,,„), and the rela- 

^ max" max' ^ 0-360'^' 

tive bioavailability (F^^j). Pharmacokinetic parameters are 
presented in Table 5. After subcutaneous administration, 
plasma sCT concentration increased rapidly and reached a 
C of 68 pg/mL in 30 minutes (T ). sCT-CS-NPs spray 

max \ max' ' 

dried powders gave a C^^^ of 56 pg/mL in 45 minutes; there 
was a significant difference between sCT-CS-NPs spray dried 
powders compared to the native sCT (P < 0.05). Calculated 
F^^j indicated greater pulmonary absorption of sCT when it 
was encapsulated in nanoparticles. sCT-CS-NPs spray dried 
powders provided lower bioavailability than that of subcu- 
taneous injection but produced a higher bioavailability than 
sCT-CS-NPs alone and native sCT powder. 

Table 5 Pharmacokinetic parameters (mean ± SD, n = 6) 



Sample 




"■"max 








(p7mL-') 


(min) 


(minpgmL"') 




Subcutaneous 


68 ±5.14 


30 


10,014.60 ± 125.47 


2.00 5. 


injection (Miacalcin®) 










Native sCT 


25 ± 3.03 


60 


5,004.60 ± 87.64 


1.00 


sCT-CS-NPs 


47 ± 4.45 


60 


8,068.80 ± 105.18 


1.61 ^■ 


sCT-CS-NPs spray 


56 ± 4.56 


45 


8,578.80 ± 98.63 


1.71 ^ 


dried powders 










(NPs/M = 30/70) 








8. 


CS-NPs spray dried 


0.34 ± 1.23 


360 


0.697 ± 24.38 


0.0083 


powders (blank, 










without sCT loading) 








9. 



Abbreviations: AUC^ ^^g, area under the curve; CS, chitosan; C^^^, maximum 
plasma concentration; F^^^, relative bioavailability; M, mannitol; NPs, nanoparticles; 
T^^, time to reach maximum concentration; sCT, salmon calcitonin loaded; SD, 
standard deviation. 



Conclusion 

sCT loaded chitosan nanoparticles can be incorporated in 
microparticles by co-spray drying of nanoparticles with 
mannitol. The spray dried powders possessed appropriate 
aerodynamic properties for pulmonary delivery. Optimization 
of formulation and spray drying parameters was essential to 
maintain protein integrity. Following intratracheal admin- 
istration to the rats, the quantitative analyses of plasmatic 
sCT and pharmacokinetic parameters obtained demonstrated 
that this system is able to deliver sCT, via the deep lung 
region, into systemic circulation. The results suggest that the 
designed sCT containing nanoparticles were released from 
spray dried microparticles upon exposure to lung fluid. 
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